Abstract: Improving technology and high demand has prompted a rapidly evolving intraocular lens (IOL) industry. To keep up with the improved designs, optical property evaluation techniques need to be adapted quickly to ensure IOL safety and efficacy. Identifying critical parameters are essential in evaluating IOL optical properties, which include temperature, medium, and test light characteristics. Here, we present a novel preclinical quantitative study of the dispersion effect that the wavelength of exposed test light has on IOL optical properties, specifically dioptric power. Dioptric power levels of IOLs were measured using a confocal laser method (CLM) when exposed to various wavelengths throughout the visible spectrum. Results showed statistically significant yet minimal focal point shift and, therefore, dioptric power changes ($0.15D) due to the effect of test light wavelength, similar to known wavelength-dependent relationships associated with changes in refractive index. Further evaluation of critical parameters can lead to an improvement of IOL product designs and overall public health.
Introduction
Intraocular lens (IOL) [1] designs, materials, and functionality have improved with technological innovations [2] and because of high market demands [3] , [4] . Ultimately, every new IOL design and function attempts to manipulate, mitigate, or introduce new optical properties aimed at the improvement of vision. However, optical properties are susceptible to various environmental parameters that can significantly affect IOL safety and efficacy (e.g., temperature [5] , refractive index, medium conditions, and wavelength of exposed light [6] ). As a result, each new IOL design requires equally innovative test methodologies and protocols to effectively evaluate the device.
New device designs have also targeted particular environmental parameters to either improve functionality or eliminate negative effects. As an optical device, the wavelength of light is of particular interest with various IOL designs. Although not currently used in IOL development, modifications directed at wavelength can be used to manipulate optical properties commonly associated with IOLs, such as the refractive index of materials [7] and absorption properties [8] . The attenuation of particular wavelengths of light is also an interest in the IOL community because of known negative impact on ocular health, such as cataracts [6] and age-related macular degeneration (AMD) [9] . Furthermore, manufacturers have developed IOLs with UVabsorbing substances to better mimic the spectral transmittance of the natural lens and minimize health concerns [9] .
In addition to immediate health concerns, the specific wavelength of test light can impact the evaluation of the dioptric power because of known chromatic dispersion. The dioptric power of IOLs, like any lens, depends upon wavelength according to the refractive index of the material (i.e., dispersion) [10] . In addition to changes in the refractive index, chromatic dispersion can impact other optical properties that also potentially influence dioptric power measurements, such as chromatic longitudinal aberrations or the Abbe number [11] , [12] . As a result, dioptric power testing protocols, as specified in ISO International Standards [13] , require that IOL dioptric powers be measured at a specific wavelength of 546 AE 10 nm. However, testing IOL optical properties at different wavelengths sometimes occurs, creating a need to accurately predict the influence of the wavelength of test light on dioptric power measurements. Furthermore, the evaluation of IOL optical properties using white light instead of 546 nm has been suggested to potentially better mimic in-vivo conditions [14] . This may be the case; however, adapting the current standard of measuring dioptric powers with a 546 AE 10 nm wavelength light source to white light will require highly predicative measures that can accurately take chromatic dispersions into consideration.
Similar lenses (e.g., eye glasses and contacts) traditionally use the well-known changes in the refractive index to predict its chromatic dispersion on the material. This approach has been found to be adequate for glasses and contacts but not for intraocular lenses because IOLs are permanently implanted and slight miscalculations are not easily adjustable. Furthermore, small improvements in predicting the power accuracy of IOLs (e.g., predicting chromatic dispersion) can significantly increase predictability of postoperative refractions and can lead to spectacle independence [15] .
In addition to standardizing dioptric power measurement environments, ISO Standards provide acceptable tolerance limitations that vary with dioptric power ranges. The tolerance limits are AE0. [13] . These differences in dioptric power tolerance limits mean that different ranges could be more susceptible to discrepancies due to differences in wavelength of light.
New test methods have been developed to quantify IOL optical characteristic to ensure product safety and efficacy. The confocal laser method (CLM) is a recently demonstrated approach for accurately measuring IOL dioptric power as well as other critical optical properties.
[16]- [18] The CLM technique enables precision of G 1 m for focal point distance measurement as well as G 0.05 D repeatability and can be achieved for IOLs with dioptric powers of 0. 0 D to greater than AE30.0 D under both dry and in-situ simulated conditions. Furthermore, due to its unique sensitivity, the CLM approach is capable of testing new optical properties that emerge with the evolving IOL industry. In addition, the CLM approach has been used to measure the dioptric power of numerous IOL designs (e.g., monofocal, multifocal, toric, and extended depth of focus).
The CLM technique uses the principle of confocal detection, often used to generate microscopic three-dimensional images [19] , to identify IOL focal points. The use of fiber-optics enables multiple wavelengths of light to be efficiently coupled to accurately measure IOL focal points (focal and half-focal). The measured focal points yield the IOL back focal length ðF BFL Þ as their distance from one another is exactly half of the IOL F BFL . The dioptric powers are then calculated by converting F BFL to the effective focal length ðF eff Þ using
where, t is the central thickness of the IOL, n IOL and n med are the refractive indices of the IOL and medium, respectively, and R is the IOL front surface radius of curvature. IOL dioptric powers ðD IOL Þ can then simply be calculated by D IOL ¼ n med =F eff .
Here, we present a novel nonclinical quantitative study to accurately evaluate the effect of specific wavelengths of exposed light on dioptric power measurements using the precise CLM technique. The measured focal point distances within various dioptric power ranges indicate the importance of using the ISO standard wavelength and should improve device evaluation practices. However, the impact of light wavelength is only one of many critical parameters that can significantly influence optical properties and ultimately affect the safety and efficacy of intraocular lenses.
Experimental Details
A CLM setup employed in this multiwavelength study is illustrated in Fig. 1 . Various continuouswave laser beams were coupled using an objective lens ðO in Þ with a 1 Â 2 single-mode optical fiber coupler (Newport Corp., Irvine, CA) and combined with a 10 Â infinite corrected objective lens (Edmund Optics Inc., Barrington, NJ) to create the collimated paraxial Gaussian beam ðO C Þ required for CLM experiments [20] . As required in the ISO Standards, the laser beam diameter was set at 3 mm using a pinhole aperture (A). The CLM platform was then automated by placing a mirror (M) on a computer-controlled stage to improve accuracy and repeatability. The signal was observed and measured using a thermal power sensor (TS) connected to a power meter and computer (CPU). A thermal power sensor was used instead of a pyroelectric detector for sensitivity purposes. A computer program was used to coordinate the location of the mirror with the F BFL signal. Environmental conditions were kept constant (in air and at room temperature) and additional variables were minimized throughout the study to maintain consistency.
Due to the paraxial Gaussian shape of the focal point profile from the CLM technique, changes in diameter of the laser beam profile as well as longitudinal spherical aberrations are negligible [20] , resulting in a highly accurate platform to measure dioptric powers.
Measurements
As discussed above, the dioptric powers were determined by measuring the distance between the IOL focal and half-focal points to determine the back focal length F BFL . Each focal point was measured on five separate trials to determine the average and standard deviation. Nine discrete wavelengths of light within the visible spectral range were used for the experiment, ranging from 405 nm to 646 nm. Most wavelengths (476, 488, 515, 520, 530, 568, and 646 nm) were generated by a multiwavelength tunable Ar-Kr ion laser (Melles Griot 43 Series, Dynamic Laser, Salt Lake City, UT). The remaining wavelengths used (405 and 543 nm) were produced from low-noise solid-state lasers. Although changing the wavelength of light did not significantly affect the integrity of the CLM platform, alignment was reevaluated whenever switching laser wavelengths to ensure accuracy. Experiments were conducted in air to isolate the influence of the wavelength of test light to the IOL material used.
Test Intraocular Lens (IOL) Samples
Post market monofocal IOLs were used for the experiment and are referenced in Table 1 . The IOLs in this study were manufactured using hydrophobic acrylic materials. Six IOL representative samples were tested as two IOLs from three conventionally used dioptric power ranges were chosen with specific powers of 5.0 D (low-power range), 20.0 D (medium-power range), and 34.0 D (high-power range). The front surface radius (R, in Equation (1) above) was provided by the manufacturers.
Results
Each dioptric power range was studied separately so that measurement differences as a function of wavelength could be observed independently. Furthermore, selected wavelengths were randomly altered, rather than in sequence, to avoid any bias associated with experimental drift. To ensure accuracy of the measurements, IOLs were analyzed with a spectrometer to determine the percent transmission for the range of wavelengths of interest (350-700 nm). Although not shown, IOLs in the low-to medium-power ranges had relatively constant high percent transmission readings above 96% throughout the visible light spectrum. For higher dioptric powered IOLs ðD > 25:0Þ, the percent transmission dropped to nearly 50% as the wavelength of light approached 400 nm (likely because of UV-chromophore absorption). However, the percent transmission was comparable for all IOLs when exposed to light above 450 nm. These results indicated that when studying the impact of wavelength of light for higher powered IOLs larger measurement errors are expected at readings of 405 nm. Fig. 2 shows IOL #3 as an example of the typically observed shift in the focal points as well as the difference in distance between the focal and half-focal points (equal to 1/2 F BFL ), across the visible spectral range. The measured F BFL was then converted into F eff and subsequently dioptric power, for comparison purposes. These results were consistent with the other five IOL tested.
The changes in dioptric power for six IOLs of varying dioptric power ranges were measured for nine different wavelengths of light within the visible spectrum. Results for five key wavelengths TABLE 1 Influence of wavelength of light on dioptric power and refractive index measurements of interest are shown in Table 1 , below. Polymethylmethacrylate (PMMA) is a commonly used material when fabricating IOLs and its change in refractive index is shown at the bottom of Table 1 . Although not shown, changes in refractive index for similar material (e.g. polyacrylate) exhibit similar trends as PMMA.
Measurements for IOL #1 in comparison to PMMA refractive index are shown in Fig. 3 below, as a typical example of the overall change in dioptric power measurements with the nine different wavelengths within the visible spectrum. In this plot, the right scale shows the previously measured change in refractive index of PMMA with respect to wavelength of light [10] . The measured dioptric power changes correspond well with the known changes in refractive index with respect to test light wavelength. Normally, these changes in refractive index are known to have a negative exponential curve, which it does; however, within the short visible spectrum range this curve appears to be relatively linear, as shown below.
Although theoretical calculations don't completely correspond with actual measurements, the results for all six IOLs were similar. This suggests a consistent trend in dioptric power change as a function of wavelengths for the three IOL ranges. Furthermore, Table 1 shows that measured changes in dioptric powers range from 0.11 D (IOL #6) to 0.44 D (IOL #3). At first glance, this would indicate that the change in dioptric power is beyond the ISO Standard tolerance limits for IOLs with labeled powers below 25.0 D [13] . However, these tolerance limits are for IOLs measured at 546 AE10 nm [13] . The differences between IOL dioptric powers measured at 543 nm and at either end of the visible spectrum is never more than 0.26 D (IOL #4), which is within the tolerance limit for all IOL ranges. Furthermore, the difference in measured lower powered IOLs (IOL #1 and #2) was only 0.16 D, which is about 50% of the tolerance threshold. Nevertheless, like other similar studies [5] , even though these changes are within the tolerance limits, if an IOL is already near the acceptable threshold, the use of different wavelengths of light (such as white light) could result in a false approvals or disapprovals. As a result, it would be advisable to either evaluate dioptric powers with the standardized wavelength or at least attempt to include calculations to compensate for known changes due to the observed relationship.
Conclusion
Results clearly show a significant change in the dioptric power of IOLs when exposed to different wavelengths within the visible spectral range. Although significant, the measured differences were never more than 0.26 D, when compared to 543 nm measurements, and within the current accepted tolerance limits. Therefore, it was determined that the wavelength of light used to measure dioptric power only becomes significant when evaluating IOLs that are near the acceptable threshold. Although not advised, due to the observed similar trend and known changes with refractive indices, calculations could potentially be used to take the wavelength of light into consideration without the necessity of bench tests. Although not performed here, a best-fit formula (e.g., Laurent series) can be used with these bench studies to potentially predict the influence of the wavelength of light on dioptric power measurements.
Identifying and studying critical parameters with the potential to influence optical properties and impact the overall safety and efficacy of IOLs is essential. Here, we studied the impact of the specific wavelength of exposed light on dioptric power measurements. Although important, many other parameters have the potential to influence numerous other optical properties that can equally impact the functionality of the device. To truly evaluate IOLs in an efficient and precise manner new innovative approaches are required that can capture and quantify all device characteristics that impact safety and effectiveness.
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